We demonstrate a stable and linear photonic radio frequency (RF) phase shifter based on a differential-group-delay element and the polarization sensitive effect of an optical phase modulator. The phase shift can be tuned continuously over 360°for RF signals over 40 GHz with an electrical control voltage from −7:5 to þ7:5 V. © 2010 Optical Society of America OCIS codes: 280.5110, 060.5060.
Radio frequency (RF) phase shifters play key roles in phased-array beam-forming systems and smart antenna applications. The photonic RF phase shifter has raised attention owing to its potential on the broadband and large phase tuning range compared with the conventional electrical RF phase shifter [1] . Various schemes of photonic RF phase shifters have been demonstrated, based on homodyne mixing, vector sum, and nonlinear effects [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, each of these techniques suffers from one or more of the following disadvantages: (i) limited bandwidth, (ii) limited phase shift range, (iii) variation of RF power as phase shifting, (iv) slow response speed, and (v) high system complexity and power consumption. Recently, a compact and linear photonic RF phase shifter with a single control voltage based on the polarization sensitive effect of an optical phase modulator with a delay interferometer was demonstrated. However, the performance of this scheme may not be stable enough for practical applications, since the two required optical subcarriers in the setup are not phase locked [11] .
In this Letter, we utilize a tunable differential-groupdelay (DGD) element to generate two phase-locked orthogonal-polarization optical subcarriers and, thus, a stable and linear photonic RF phase shifter is realized based on the polarization-sensitive effect of an optical phase modulator [12] . The RF phase shift can be stably tuned, resulting in a linear and continuous tuning range from −180°to þ180°with an electrical control voltage from −7:5 to þ7:5 V. Figure 1 shows the concept of our technique and the experimental setup. To control the phase of an RF signal with a desired frequency f , we modulate an RF tone with half of the desired frequency (f =2, realized by a frequency divider) to a cw optical light through a MachZehnder modulator (MZM) biased at the transmission null point, which suppresses the optical carrier and generates two optical subcarriers with a frequency difference f . These two optical subcarrier are called the lower subcarrier (LSC) at frequency f l (smaller than the optical carrier frequency) and the upper subcarrier (USC) at frequency f u (larger than the optical carrier frequency), respectively, and both of them have the same state of polarization (SOP) right after the MZM, which can be described by Eq. (1):
Then the modulated optical signal is aligned 45°with respect to the principal states of polarization (PSPs) of a tunable DGD element. The DGD value is tuned by the internal free-space scheme of the DGD element, which is quite stable even when the environment, such as temperature, changes. After propagating through the DGD element, the DGD causes the SOPs of the LSC and the USC to vary by different amounts. It can be shown that, when DGD ¼ 1=ð2f Þ, the SOP of the LSC will be orthogonal to the USC [13] [14] [15] . Therefore, we get the optical signal with two phase-locked and orthogonally polarized subcarriers through a tunable DGD element, as shown in
This modulated optical signal is then coupled into a phase modulator by a polarization controller (PC), which aligns the LSC and the USC to the TE and TM modes of the optical phase modulator, respectively. Both the TE and TM modes can pass through the optical phase modulator with different phase-shifting efficiency. Because of the different phase-shifting efficiencies for the TE and TM modes, the two subcarriers of the optical signal with orthogonal polarization obtain a relative phase difference when a bias voltage is applied to the optical phase modulator, as shown in Eq. (3):
After the optical phase modulator, the phase-shifted optical signal with two orthogonally polarized subcarriers is sent to a polarizer aligned at 45°relative to the TE mode and the TM mode, and the optical signal at the output of the polarizer can be expressed by E pol ðtÞ:
The relative phase difference between the two subcarriers of the optical signal can be expressed by Eq. (5) [11] :
where ϕ is the phase difference, V is the bias voltage, V π is the half-wave voltage of the phase modulator, and η is the ratio of phase-shifting efficiency for the TE mode to the TM mode. After the polarizer, the two subcarriers of the optical signal beat with each other, producing an RF signal after optical-to-electrical conversion by a photodetector (with 40 GHz bandwidth in our setup), which can be expressed by Eq. (6):
The phase of the resulting RF signal is equal to the phase difference ϕ derived in Eq. (5). Therefore, we can control the phase of the RF signal linearly and continuously by varying the bias voltage applied to the phase modulator.
To demonstrate the proposed design, we first demonstrate phase shifting for the 19:906 GHz RF signal (f ¼ 19:906 GHz). We modulate the 9:953 GHz (f =2) RF signal obtained from a frequency divider to the MZM biased at the transmission null point to generate two optical subcarriers with a frequency difference of 19:906 GHz. Figure 2 shows the optical spectrum of this modulated optical signal. The optical carrier is suppressed by more than 20 dB when compared to the two subcarriers. At point A, we measure the beating RF power of two optical subcarriers by coupling the optical signal directly to a photodetector with a RF spectrum analyzer. The measured power of the generated 19:906 GHz RF signal is −19:83 dBm. We set the DGD value of the tunable DGD element to be 25:118 ps, which is equal to 1=ð2f Þ. After the DGD element, the SOPs of the two subcarriers become orthogonal to each other. Therefore, there should be no beating between them. At point B, we measure the beating RF power of two orthogonally polarized optical subcarriers by coupling the optical signal directly from point B to the photodetector with the RF spectrum analyzer. The measured power of the 19:906 GHz RF signal becomes −54:33 dBm. Compared to the RF power at point A, the power of the 19:906 GHz RF signal is suppressed by more than 30 dB, which means the two subcarriers in the optical signal now become orthogonal.
Two phase-locked orthogonally polarized optical subcarriers are then coupled into the phase modulator by the PC and we apply different bias voltage to the optical phase modulator. After the photodetector, an RF signal with a different phase shift is generated. Figure 3 shows the waveforms of the obtained 19:906 GHz RF signal Figure 4 plots the measured phase shift versus applied bias voltage to the phase modulator. For comparison, we also demonstrate the phase shifting for 9.953 and 39:812 GHz RF signals (f ¼ 9:953 and 39:812 GHz) by modulating the f =2 RF signal to the MZM and setting the DGD value of the DGD element as 1=ð2f Þ. From  Fig. 4 , we find that the RF phase shift can be tuned linearly and continuously in a range from −180°to þ180°w ith a low electrical control voltage from −7:5 to þ7:5 V. We also observed that the results do not depend on the RF frequency, because the 9.953 and 39:812 GHz RF signals have almost the same phase shift as the 19:906 GHz RF signal when the same bias voltage is applied.
In conclusion, we demonstrate a stable and linear photonic RF phase shifter based on a DGD element and the polarization-sensitive phase-shifting efficiency of an optical phase modulator. The RF phase shift can be tuned linearly and continuously from −180°to þ180°with an electrical control voltage from −7:5 to þ7:5 V. The linear tuning range of the phase shift can be beyond 360°if higher control voltage is applied. For the same control voltage, RF signals at different frequencies obtain the same phase shift.
